Abstract. Strip casting is a new method of producing metal matrix composites. Two-roll melt dragged processing (TRMD-ing) and single-roll melt dragged processing (SRMD-ing) methods were used to study the manufacture of 2-mm-thick composite strips by using PbSn (≈ 11.3 g/cm 3 ) eutectic alloy matrix reinforced with iron (≈ 7.86 g/cm 3 ) powder (≈ 70 μm) at a rate of 0.3 m/s. The metallic powder stored in the feed hopper (≈ 90 g) was pushed during the pouring operation of the cast alloy (≈ 4 kg) at 260 ºC on the cooling slope to produce a mixture of metallic slurry and particles to feed the nozzle to be dragged by the lower roll. Various surface defects occurred during processing, such as the failure of the powder particle to be embedded in the matrix by SRMD-ing with and without stirrer into the nozzle, and the rolling up of the strip into the nozzle by TRMD-ing. Graphite particles formed inside the α-Pb grain revealed a complicate eutectic structure in both the processing methods. The colloidal graphite used to coat the crucible, cooling slope, and nozzle could act as a nucleation agent for preferential centre segregation in the α-Pb grain. This suggests that the graphite particles functioned as nucleation points in the lead-rich α phase. Thus, another type of composite was formed in the presence of graphite particles within the lead-rich α-phase surrounded by β-Sn. An electron probe microanalysis and scanning electronic microscopy were used to investigate the composition and distribution and identify the different phases. Several types of particulate reinforcements may be added to the matrix to obtain composites for mechanical, electronic, and magnetic applications using these technologies.
Introduction
Continuous metal matrix composite strip casting (MMCS-ing) of semisolid reinforced continuous filaments have been performed using twin two-roll melt drag processing (TRMD-ing) technology [1, 2, 3, 4] . MMCS-ing has the following advantages: shorter production times, potentially lower cost because of savings in energy and requirement of less physical space, low equipment cost, and good alignment of the fibre within the matrix [1, 2, 3, 4] . Furthermore, the reactions at the interface between the matrix and reinforcement are minimised by the short contact time with the semisolid state (approximately 0.2 s) compared with in traditional processing method [1, 2, 3, 4] .
A metal matrix composite strip reinforced with particulate particles (Al-Si and SiC particulate material) produced by the single-roll continuous strip casting method was manufactured via the vortex dispersion method before pouring the mixture in a tundish at the lower roll [5] . The traditional methods used to produce particulate composites are liquid metallurgy, squeeze casting, powder metallurgy, spray casting, and Lanxide process techniques [6, 7] . The production of continuous strips of particulate-reinforced metal matrix composites (PRMCs) via MMCS-ing from the semisolid state have not been reported previously.
The SnPb eutectic alloy was selected as a matrix reinforced with iron powder in order to produce an isotropic composite that could improve solder joint life and enhance creep resistance. The creep resistance of this alloy using Ag and Cu particles as reinforcement materials has been previously investigated [8, 9] .
In this work, preliminary, reinforcement material (iron powder ≈ 70 μm particulates) was added to the semisolid matrix (SnPb eutectic) at the exit of the tundish where the SnPb eutectic matrix is poured at 260 ºC. Here, the idea was to obtain a suitable particle dispersion in the matrix by TRMR-ing. Indeed, the addition of particulate material into the cast stream as the mould is filled is the simplest technique to produce a metal matrix composite reinforced with particulates [7] . To obtain a better particle distribution in the matrix, a commercial stirrer was placed in the nozzle to force mixing of the composite components via vortex dispersion just before being dragged by the lower roll by SRMD-ing. The vortex method is employed to obtain a better particle distribution in the matrix as outlined before.
Nevertheless, graphite particles were found in the α-Pb phase as well as in the β-Sn phase when the vortex method was used, revealing a complicate eutectic structure. The reasons for this are discussed herein. These data emphasize the development of a new composite material from the non-traditional method. It suggests a promissory material suitable for operation in frictional units. Electron probe microanalysis and scanning electronic microscopy were used to investigate the composition and distribution and to identify the different phases.
Experimental Set Up and Procedure

Apparatus Setup for SRMD-ing and TRMD-ing
A stand mill made of carbon steel cylinders, with a diameter of 105 mm and length of 101 mm, was modified and instrumented for the experimental procedure. The velocity of the cylinders used was 0.3 m/s because it has shown better results [3, 4] . The finishing of the cylinders was performed using 1200 grit sand paper. The experimental apparatus consisted of a cooling slope to produce the semisolid material. It has an inclination of 20º and a length of 300 mm, made of mild steel in a "v" shape with a hole at the end to allow the semisolid material and reinforcement material to feed the nozzle at the lower roll. A tundish works as static control when pouring the SnPb eutectic matrix melt at 260 ºC on the cooling slope. K-type thermocouples are attached to the cooling slope and nozzle (Fig. 1) . A tundish, cooling slope, nozzle, and crucible to cast the matrix were coated with colloidal graphite. The procedure to produce the strip casting composite is briefly described in the following section. The melting temperature of SnPb eutectic matrix used in this work is 178.9 ± 1.5 ºC with a 95% confidence interval [3] . Figure 1a shows the position of the feed hopper (≈ 90 g) to store the iron powder (≈ 70 μm), which is at the exit of the tundish where the molten matrix flows in to the cooling slope to feed the nozzle. The 4 kg SnPb eutectic alloy cast in a 500-mL crucible in an electric furnace (6600 W/220 V) at 260 ºC is then poured into an 80-mL tundish at a flow rate of approximately 13 mL/s. The intention here is to promote the mixing of iron powder particles with the matrix melt in such a way as to feed the nozzle with the semisolid material and iron particles to be dragged by the lower roll. To release iron powder in the tundish, a steel strip works like a slide valve at the exit of the funnel. This drive allows the release of particulate material at a safe distance from the pouring cast alloy. Figure 1b shows the installation of a vortex particle mixer with two blades and a K-type immersion thermocouple (chromel-alumel: 3 mm diameter) to monitor the temperature of the pre-blended material coming from the cooling slope. Stirring is continued during the preparation of the composite slurry to be dragged by the lower roll to produce the composite strip. Table 1 lists the rpm values of the stirrer, which were measured without load by using the following equipment: 1.) VARIAC -Model VME-209; and 2.) Digital Tachometer -Model DT-2236A. Table 1 . Measurements of rpm of stirrer without load.
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Tests were performed using water mixed with wheat flour in a nozzle built with acrylic material with the approximate geometry of the nozzle used in the experiment, simulating the working condition. This observation was important to visualize the transfer of particles into the liquid metal to maintain the particles in a state of suspension and also to minimize the air bubbles and slag surface that could be sucked into the metallic slurry and could cause porosity and inclusions in the composite strip. Thus, the voltage and rotation speed selected were 50 V and 9800 rpm, respectively.
Scanning Electron Microscope (SEM) Examination
The samples of the produced composite strips were sectioned and mounted in epoxy plugs for electron microscope examination. The sample was ground on 240 grit paper (at 150 rpm) to obtain a flat surface, and then manually ground with 800 grit, 1000 grit, and 1200 grit for approximately 2-3 min. Finally, it was polished using 6, 3, and 1 μm diamond paste for approximately 2-3 min. Chemical etching using Nital (5 mL HNO 3 and 95 mL ethyl alcohol) for approximately 60 s was used to reveal some samples in this work.
The composite constituents embedded in the matrix and strip surface were analysed using EDS in the SEM with an Oxford INCA system. The results were ZAF corrected, and pure metal standards were used for Fe, Cr, Ni, Mo, Cu, and Sn. The compound standards of CaCO 3 , SiO 2 , and PbF 2 were used for C, O, and Pb analyses, respectively. Figure 2a shows the temperature profiles of TRMR-ing used to introduce iron particles into the matrix via a mechanical pressure to overcome the difference in density between the components of the composite. The distance between the rolls was 1.4 mm, similar to that used to introduce continuous metallic fibres in the SnPb eutectic matrix [3, 4] . The composite components were mixed at the tundish as described before. The slurry temperature was increased progressively and was maintained at 200 °C during processing (Thermocouple T5). Approximately 5 m of the strip passed between the rolls without being thixoforged, characterizing SRMD-ing (Fig. 2b) . This was followed by rolling the strip into the nozzle (Fig. 2c) . It suggests that the clustering of reinforcement material on the strip surface interrupted the exit of the composite strip from the stand mill. Thus, the difference in density between the matrix (≈ 11.3 g/cm 3 ) and reinforcement material (≈ 7.86 g/cm 3 ) could be not be resolved in this processing. However, the formation of graphite particles inside the α-Pb grain surrounded by β-Sn revealed a new type of composite that was not expected in the experiment (Fig. 3) . The source of the graphite particles (2.267 g/cm 3 ) is the coating done in the crucible, cooling slope, tundish, and nozzle as outlined before, and they are distributed in the α-Pb grains (11.30 g/cm 3 ). It suggests that carbon particles are likely sites for the initiation of nucleation. Arsenic and tellurium are typically used in lead alloys as grain refining [10] . Figure 4 shows the SEM micrographs forming globular structures in the composite achieved after strong etching (Nital (5 mL HNO3 and 95 mL ethyl alcohol) for approximately 60 s). This revealed fine polyhedral solidification α-Pb structures formed with holes where graphite particles were encountered. These materials were spread on the tin-rich matrix. This suggests that the complex eutectic composite microstructure with graphite particles inside the α-Pb was sufficiently strong to increase the lead electropositive potential over other components of the composite. Globular/polyhedral shapes are typically favoured by a high solidification rate in SnPb eutectic alloy such as that applied in this processing [11] .
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Results and Discussion
Production of Composite by TRMD-ing
Commercial interest may include the application of this material as a lubricating agent owing to the presence of graphite particles in the α-Pb small grains. Coated carbon fibres have been used to reinforce SnPb alloy by squeeze casting in a mould cavity having a length of 6 cm and width of 1.3 cm to act as a lubricating agent [12] and by investment castings [13] . On the other hand, macroscopic graphite particles were introduced into the ZA-27 (Al-25%, Cu-2%, Mg-0.01%, Zn-% rest) matrix to obtain damping properties via liquid metallurgy (compocasting) [14] .
Although the objective of TRMR-ing was to consolidate particulates into the matrix by using mechanical force and using the difference in density between composite components, a new composite was formed with the graphite particles embedded into the α-Pb small grains, which could be used for commercial applications. Therefore, the SRMD-ing was carried out to investigate
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Semi-Solid of Alloys and Composites XV different arrangements to force the introduction of the composite pre-mixture from the cooling slope using the mechanical mixer in the nozzle. Fig. 3 . SEM images and points of microanalyses with matrix constituents wt% (weight) as indicated. 
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Production of Composite by SRMD-ing with and without Stirrer
Figures 5a and b show the inhomogeneous composite strip obtained by both the processing methods, as indicated, on the strip surface facing the atmosphere: 1) With the formation of clusters of iron particles (SRMD-ing without stirrer), and 2) the case in which some clusters of iron particles were dispersed and located beneath the strip surface facing the atmosphere by SRMD-ing with stirrer (Fig 5b) . Figure 5c illustrates the nozzle after action of the stirrer. The slag weir was taken out of the nozzle in these experiments. The length and width of the strip composite were approximately 8 m and 45 mm, respectively. Hence, a better distribution of the particles in the matrix via a stirrer forced mixing between composite components via vortex dispersion just before being dragged by the lower roll. The vortex method is employed to obtain a better distribution of particles in the matrix as outlined before. However, the iron particles did not spread evenly during stirring to form the composite in the experimental work. In fact, iron particles as received are compounded particles and much lighter (7.86 g/cm 3 ) than the SnPb eutectic matrix (11.3 g/cm 3 ). It also has poor wettability that could not be solved by mechanical stirring, as suggested by an experimental work [15] . The effects of these were clear; the iron particles were not distributed properly in the SnPb matrix slurry during mechanical stirring in the nozzle (Fig. 6) . 
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Nevertheless, graphite particles were found in the α-Pb phase as well as in the β-Sn phase, revealing a more complicated eutectic structure after stirring (Fig. 7) . As a result, the unexpected development of a new composite material from the non-traditional method was achieved. It suggests a promissory material suitable for operation in frictional units as outlined before. Fig. 7 . SEM micrograph of composite formed during the continuous stirring process at 9800 rpm in the nozzle. Figure 8 shows the thermal cycle during the production of the apparatus during stirrer action. The temperature of the semisolid pool increased rapidly and decreased progressively by the end of processing (Thermocouple 5). It was this inherent nozzle stirring that led to higher heat transfer. Consequently, the superheating of the molten alloy during processing decreased considerably in comparison to that without the action of the stirrer (Fig. 2a) . The stirrer action also modified the microstructure of the matrix, i.e., formation of graphite particles in the β-Sn phase. In this case, the composite microstructure formed was much complex, as outlined above. 
Summary
Iron particles were added continuously on the cooling slope to reinforce SnPb eutectic matrix to form a strip casting composite by TRMD-ing and SRMD-ing to enhance SnPb composite solder. During TRMD-ing, the strip rolled and twisted in the nozzle and some metallic casting strip passed between the roll gap. Graphite particles into the α-Pb grains resulted in the development of an unexpected composite. This may occur due to the formation of colloidal graphite to coat the crucible, tundish, cooling slope, and nozzle. SRMD-ing failed to incorporate iron particles with and without the stirrer placed in the nozzle. A large amount of iron powder clusters formed on the strip formed using SRMD-ing without a stirrer. Iron powder clusters spread on the strip surface faced to atmosphere using SRMD-ing with stirrer and they did not join with the matrix indicating a lack of wettability of iron particles with the matrix. On the other hand, graphite particles formed and spread in the α-Pb and β-Sn grains improving the distribution of the constituents in the metallic matrix. It suggests the optimisation of a promissory composite suitable for operation in frictional units. 
